I. INTRODUCTION
This paper discusses in detail the ice-type distribution in the North Water during winter based on low-level infrared thermometry . For the past two decades, the North Water has drawn scientific attention from the field of glaciology, climatology, oceanography, and biology (Franceschetti and others, 1964; Dunbar, 1969; Nutt, 1969; Muench, 1971; Finley and Renaud, 1980;  Dunbar, 1981) . The center of the problem is the unusual ice conditions for which the region has been known since William Baffin's voyage in 1616. The actual North Water covers an area of suivantes peuvent etre tirees: les categories glace jeune, nilas et sans glace recouvrent de novembre a janvier plus de 50% du North Water, alors qu'en fevrier et mars la glace blanche est dominante. L' etendue de la polynie dans le Smith Sound et la Lady Ann Strait a ete beaucoup plus faible qu'initialement prevu. Une polynie semi-permanente a ete observee dans la Barrow Strait en hiver 1980-81, dont I'apparition est en relation avec la position avec l'arc de glace ferme. Sur la base de la repartion des differents types de glace et des flux energetiques de ces differents types, on a determine une perte d ' At its northern extremity between Greenland and Ellesmere Island, lat. 79 ON., the North Water is bounded by fast ice, whereas its southern boundary cannot be clearly defined because the concentration of pack ice gradually increases towards Baffin Bay to the south.
Efforts have so far been concentrated on spring, summer, and autumn by means of aircraft and ships' log books (Swithinbank, 1960) 1976, 1977, 1981) , meteorological satellites (Aber and Vowinckel, 1972) , NOAA satellites (Smith and Rigby, 1981) , and Landsat satellites (lto, 1982, 1985) . It is, however, in winter when the effect of the North Water becomes important; yet, no information on ice conditions is avai lable for that season (Ohmura, unpublished [a] ; Steffen and Ohmura, 1985) . The satellite-based studies of the dark season carried out on the basis of microwave data (Crawford and Parkinson, 1981) and thermal infra-red data (Dey, 1980 (Dey, , 1981 Smith and Rigby, 1981) are inadequate for the purposes discussed in this paper. (Accuracy and resolution of the satellite imageries are inadequate for many climatological and oceanographical purposes.) The first low-level reconnaisance flights to be carried out in winter over a limited area of North Water were conducted by Dunbar (1971 Dunbar ( , 1972 . Based on radar-scope photography supplemented by visual observations, the amount and distribution of open water was described. The results she obtained showed for the first time that the surface of the North Water, which had been believed to remain open throughout the year (Hayes, 1867) , was mainly covered by ice of various types.
In the two winters of 1978-79 and 1980-81 , infra-red thermometry was carried out from a low-flying aircraft as a part of the North Water Project, a glacio-climatological study conducted by McGill University and the Swiss. EidgenOssische Technische Hochschule (ETH), Zurich. The primary aim of the investigation was to study the climatological influence the North Water had on its surroundings (Muller and others, 1973) . For this purpose, the variability in space and time of the occurrence of different ice types is of great importance.
METHOD OF AIRBORNE MEASUREMENT
The surface temperature was measured with a Barnes PRT -5 preclSlon radiation thermometer in the thermal infra-red range between 9.5 and 11 .5 /Lm. A surface area of 100 m in diameter with a field -of -view of 20 ° was obtained. A Twin Otter aircraft was used as an instrument platform to carry out seven horizontal profiles over the area in each winter. The total length of the flight path measured 2650 km (Fig. I) . The measurements were made at an air 384 speed of 220 km/h at a flight altitude of 300 m. The air temperature was recorded at flight level with a Pt-lOO resistance thermometer for later atmospheric corrections. In order to classify the sea surface within circular areas of 100 m in diameter, the ground along the flight path was illuminated by a searchlight T ype SX-16 and filmed with a 16 mm cine-camera, operated in single release. For the test areas, high-resolution photographs were taken with a Hasselblad camera (70 mm film).
The radiation temperature measured with a PRT -5 was corrected by taking into account the emissivity of water (E = 0.991), snow (E = 0.997), and ice surfaces (E = 0.987), the absorption and emission by atmospheric water vapour, as well as the multiple reflection between the cloud base and the ground . The water, snow, and ice surface was assumed to be a grey body in the spectral band 9.5-11.5 Jl.m. Furthermore, the temperature-dependence of the emissivity for dry snow was neglected. Young ice surfaces, however, remain wet due to high brine content in the thin ice. Consequently, brightness measurements of sea ice up to 0.25 m thick were corrected using the emissivity of water. A detailed account of this correction procedure has been presented in ). After having applied the corrections, the relative accuracy of the PRT -5 temperature was estimated at :l:O.l5°C at a flight altitude of 300 m. At a flight altitude of 1500 m, the error increased to :I: 0.25°C. Such high accuracy is possible in polar regions where the optical thickness due to water vapour is very small. Even though the concentration of aerosols is reportedly high in Arctic regions (Shaw, 1975) , their optical depth is five times smaller than that of water vapour for the spectral band of 9.5-11.5 Jl.m . The measured surface temperature along the flight profile was used as input data for the seaice classification.
SEA-ICE CLASSIFICATION
During the two winters of this study (1978-79 and 1980-81) b a sea-ice station was established at lat. 74°40' N., long. 95 10' W. in Barrow Strait near Resolute Bay, which served as ground truth for the airborne infra-red thermometry as well as a monitor of all energy f1uxes on the sea ice. The following quantities were recorded during 10 days each month from November to February (1978-79 and 1980-81) : temperature profiles in sea ice, in the overlying snow cover, and in the air; incoming and net long-wave radiation; snow depth and density; ice thickness; dew point and wind speed at four different levels. The salinity profile of sea ice was measured every second day. The first measurements were carried out in November with an initial ice thickness of 0.1 m. The evaluation of the flux measurements (sensible heat, latent heat, and conductive heat) and the long-wave radiation balance showed that 70% of the conductive heat flux was used for the sensible-heat flux at the boundary sea ice-atmosphere in ice up to 0.5 m thick. The short-wave radiation for this site was negligible during the winter months. From the heat-flux calculations, it was found that different ice types are associated with distinguishable surface-temperature levels.
Both sensible-and latent-heat fluxes are dependent on surface temperature, which in turn is influenced by the ice thickness (Maykut, 1978) . They can be parameterized as follows (Budyko, 1974) :
where p is density of the air, ki is heat conductivity of ice, Tb is temperature of the ice bottom, Ts is temperature of the ice surface, TJI: is air temperature, c p is specific heat at constant pressure {1.066 J g-1 K -1), C § is sensible-heat coefficient at a height of 2 m (3 x 10-), u is wind speed, and H is the ice thickness.
The conductivity of sea ice depends on its salinity. The following relation proposed by Untersteiner (1961) was used:
Ts -273 .15 (2) where ko is conductivity of pure ice (2.04 J m-1 K -1 s-1), S is salinity, and B is a constant (117.3 J m-1 S-1). After combining Equations (I) and (2), the ice thickness can be expressed as a function of surface temperature, air temperature, and wind speed: Figure 2 depicts the calculated ice thickness by Equation (3) 
Dots: measurement results from the Resolute Bay sea-ice station.
Steffen: North Water in winter Figure 2 for various surface and air temperatures. Wind speed during the measurement ranged between 2 and 5 m S-1. The snow cover on sea ice has an insulating effect on conduction. On the other hand, recent measurements by Crocker (1984) have shown that the snow cover overlying young sea ice contains large quantities of salt. This increases the thermal conductivity of the snow by up to 50%. The thermal conductivity of snow on young ice is, however, still five times smaller than that of ice. This causes a significantly reduced surface temperature which has to be taken into account for thermal classification of sea ice in general. For the North Water region, the snow cover on young ice, nilas, and new ice will not exceed 20 mm in thickness ). The resulting surfacetemperature reduction is in the order of I deg for dark nilas (assumed snow depth: 5 mm), 2 deg for grey ice (snow depth: 15 mm), and 4 deg for grey-white ice (snow depth 20 mm), and is negligible, since it lies within the temperature-classsification band of ice types. For ice types thicker than 0.3 m (white ice), the insulation effect of the snow cover must, however, be taken into account.
In the following, the effects of uncertainties in wind speed (u) , air temperature (Ta)' and the 0.7-coefficient (K) on the calculated ice thickness (H; Equation (3» will be discussed. The resulting ice-thickness difference for a change in coefficient K of 0.05 is 3 mm for dark nilas; a change of 0.1 results in an ice-thickness difference of 42 mm for grey-white ice. An uncertainty in the coefficient K of ±O. I at the most is expected for ice less than 0.5 m in thickness; therefore, the error in the calculated ice thickness is minor. Ice-thickness calculations are more sensitive to uncertainties in air temperature and wind speed which show the following comparison: an uncertainty in air temperature of 5 deg (Ta = -25°C) for dark nilas (Ts = -5°C) results in an ice-thickness difference of 2 mm. For grey-white ice (H = 0.4 m), such an uncertainty in air temperature results in an ice-thickness difference of 0.2 m. For thin ice like niias, this error can be neglected; for thicker ice like grey-white ice, the ice-thickness error can be as large as 100%. However, the air temperature along the flight profile is known to an accuracy better than 5 deg, as frequent airtemperature measurements at different flight levels (300 m, lOO m, and 50 m) over the same area along the flight profile were carried out. The difference in ice thickness for an uncertainty in wind speed of I m S-1 for wind speeds less than 3 m S-1 is 30% at the most, and for wind speeds greater than 3 m s-1 the error is of the order of 10%. In the North Water area the measured surface wind exceeded 5 m S-1 throughout the winter (Steffen, 1985[b] ).
To verify the thermal ice-type classification, a test area of 200 km 2 located in Smith Sound was chosen for visual comparison. The surface temperature was recorded along ten profiles each of 40 km at an altitude of 1500 m. The profile distance of 500 m resulted in a 6% overlap between adjoining measurement bands. In addition to the temperature measurements, a Hasselblad 500EL camera was used to photograph the surface conditions in detail. The Zeiss Planar 80 mm lens provided a 25% overlap. The high-resolution pictures served as a basis for a photo-mosaic map from which the ice types were classified visually according to their grey tone. The percentages of different ice types were measured on a digitizer table. It is believed that the accuracy for the visual ice classification is better than 1% . This visual sea-ice type classification provided the basis for a comparison with the thermal ice classification calculated from Equation (3).
The thermal classification was established as follows: the ice thickness was calculated from the surfacetemperature measurements after Equation (3) and classified according to Table I . The wind speed was calculated on the basis of the navigation data and the flying time needed to cover the distance. The calculated wind speed was extrapolated from the flight altitude to 10 m above ground with the assumption of a logarithmic wind profile; it varied within the range of 5-12 m S-1. With this classification method, first-year ice and old ice cannot be further distinguished for two reasons: (I) the ratio of sensible heat (Qs) to conductive heat (Qc) for ice thicker than 0.5 m is less than 0.7, and consequently ice-thickness calculations after Equation (3) are inaccurate; (2) the insulation effect of the snow cover cannot be neglected for ice thicker than 0.5 m, but accurate snow-depth data are missing. Therefore, first-year ice and old ice will be called white ice. For the present purposes, however, this is not a crucial problem since medium first-year ice, thick first-year ice, second-year ice, and multi-year ice are not likely to be found in the North Water area. Furthermore, ice types such as new ice and dark nilas, which are both 0.05 m thick, cannot be distinguished by the present method. According to this classification, new ice will be called dark nilas.
The comparison between the thermal ice classification and the visual observations based on the grey tones of air photographs gave the following results (Table I) .
Ice-free areas, new ice, and nilas were under-rated in the comparison between the thermal and the visual ice classification for the following reasons:
(I) At an altitude of 1500 m, the spatial resolution resulting from the PRT -5 instrument corresponds to a circular area of 0.2 km 2 Ice types covering only small areas (new ice and nilas) of less than 0.2 km 2 will be classified according to the temperature averaged over the entire circular area.
(2) A strong northerly wind prevailed in the area while the measurements were being taken, fracturing the sea ice into ice floes and small fragments of ice. The resulting small ice-free areas were also too small to be within the range of the thermal measurement resolution.
RESULTS AND DISCUSSION
The ice types were classified along the flight path according to the method described above. The same profile coordinates were used for all 14 flights . The ice-type percentages of equal profile distances are therefore comparable, although the ice distribution of large areas cannot generally be derived from a single profile measurement. For the study of polynyas, however, the profile method carried out along the same flight path on each flight renders valuable information on the spatial distribution and temporal variation of open water and different ice types. For the study of polynyas, open water and thin ice are of particular interest because of the large energy loss from the sea surface . The findings of this study will be presented in detail separately for the Lady Ann Strait polynya, Barrow Strait polynya, and Smith Sound polynya for the winters of 1978-79 and 1980-81.
Lady Ann Strait
Lady Ann Strait polynya is situated between Jones Sound and Baffin Bay, south of Coburg Island . Its western end is a U-shaped fast-ice edge that can vary in location from year to year by about 50 km, as can be seen from the sea-ice atlas of Lindsay (1981) .
The ice types of a polynya consist, by definition (World Meteorological Organization, 1970), of new ice, nilas, and young ice, which are less than 0.3 m thick (Table I) . However, this definition did not always apply to the ice 386 types found in Lady Ann Strait (Table II) during the winter of 1978-79. For five out of seven flying dates between November and March, only approximately 70% of the ice types were classified as nilas, young ice, and ice-free. On 5 February 1979, even white ice was dominant. In the second winter of the study, on 2 December 1980, white ice comprised 100% of the profile. On 12 December 1980, white ice was still dominant. Between 12 and 29 December of the same year, a drastic change occurred when more than 95% of the ice types were nHas and ice-free. On the remaining four flights, on 22 January, 7 February, 3 and 7 March 1981, young ice and nilas were dominant.
It is interesting to note that, according to the thermal measurements, only a few per cent of the total profile length were ice-free in both winters. The visual observations, on the other hand, showed numerous ice-free areas. These had, however, a dimension below the ground resolution of the PRT -5 instrument of 0.2 km 2 and were therefore classified according to the mean temperature of open water. No decrease in the percentage of young ice was observed with time in either winter. In the winter of 1980-81, even the opposite occurred, when most of the polynya surface was already covered with white ice in early winter. This is not surprising, since strong westerly winds and the resulting upswelling of water are the main cause for this polynya (Steffen, 1985[b] ).
Smith Sound
For the Smith Sound area, the thermal ice classification was carried out along a profile of 824 km (point 9 to 19, Fig. I ). This profile covers the area that is well known as the Smith Sound polynya, which includes Smith Sound as well as the area north of the Carey Islands.
In November and December 1978, between 50% and 75% of the profile (Table Ill) was covered by dark nHas, light nilas, grey ice and grey-white ice, and ice-free. On 10 January and 24 February 1979, less than 10% of the ice was classified as white ice. On these two flights, strong northerly winds with speeds exceeding 40 m S-1 were observed. The Smith Sound profile was not measured in its full length (turn 50 km south of point 15) because of strong air turbulence. On the remaining two flights on 22 February and 3 March, the percentages of white ice were 75% and 60%, respectively. On 2, 20, and 29 December 1980, and 22 January 1981, young ice, nilas, and ice-free occupied between 50% and 75% of the area along the profile. The percentage of these ice types decreased on 7 February to 45%, and on 2 and 16 March even to 20%.
On the basis of the 2 years of measurements, the following conclusions can be drawn: in November, December, and January, young ice, nilas, and ice-free covered more than 50% of the Smith Sound polynya. A vast ice-free area with a profile length of up to 140 km occurred only during the period mentioned above. Therefore, Nutt's (1969) assumption that vast areas were ice-free during the winter months cannnot be confirmed on the basis of these profile measurements.
In the eastern part of Smith Sound, in the vicinity of Cape Alexander, the largest ice-free areas were observed during the two winters. Because of frequent storms, Cape Alexander is reportedly the only place in this part of Greenland where the ice cover never freezes into a strong and persisting field (Arctic Canada, 1978) . It was this region where surface-water temperatures between -1.7· and -o.l·C were measured in winter, which is believed to have resulted from wind-induced up welling (Steffen, 1985[b] ). Since this area is of special interest because of its thin ice cover, the data set for the winter of 1980-81 will be given (Table IV) . The flight profile chosen for the ice-type classification has a length of 50 km and lies north of point 17 (Fig. I) . On 2 and 20 December 1980, the percentage of white ice amounted to less than 2%. The ice-free areas covered 62% and 35%, respectively, of the profile length. Prior to the third flight, on 29 December 1980, a large low-pressure cell with its center in Barrow Strait covered the entire Canadian Arctic Archipelago. According to the synoptic weather map, only weak surface winds could be expected in Smith Sound (Steffen, 1985[aJ) , which explains why the whole area was covered by ice. On 22 January w 00 --J Year 1978 Year 1978 Year 1978 Year 1979 Year 1979 Year 1979 Year 1979 Year 1980 Year 1980 Year 1980 Year 1981 Year 1981 Year 1981 Year 1981 Ice-free 0. 5 Feb. 24 Feb. 5 Mar . 2 Dec. 20 Dec. 29 Dec. 22 Jan . 7 Feb. 2 Mar. 16 Mar. Year 1978 1979 1979 1979 1979 Ice-free 1.6 2. 1981, vast areas were again ice-free (>53%) and all ice types were classified as nilas and young ice. In February and March, the percentage of white ice rose again and reached its peak at 54% on 16 March 1981, the end of the observation period.
Barrow Strait
In the winter of 1978-79, the sea ice in Barrow Strait was land-fast during December and January. In the winter of 1980-81, however, a semi-permanent polynya was observed south of Cornwall is Island. The ice-type distribution can be described as follows: in December, the pack ice consisted mainly of white ice (Table V) . Numerous leads contributed merely a few per cent of young ice and nilas along the flight profile.
On 22 January, and especially on 7 February 1981, vast areas were covered by young ice and nilas. Surface-water temperatures above the freezing point of sea-water (-1.7 ° to -<l.I°C) were also measured in the ice-free areas during that period (Steffen, 1985[b) ). In March, the ice cover in Barrow Strait became land-fast. The new fast-ice edge moved 200 km eastward and was found again at the entrance of Prince Regent Inlet to Lancaster Sound (Fig. I) .
It is interesting to note that, in some years, the fastice edge in Barrow Strait and Lancaster Sound changes its location by 400 km from one extreme to the other. This has also been shown in the three sea-ice atlases by Lindsay (1976 Lindsay ( , 1977 Lindsay ( , 1981 and the one by Ito (1982) . The year-toyear variations are summarized in Table VI. The atlases by Lindsay are based on aerial reconnaisance flights which were carried out not before March-April (1967 -78) or June (1961 daylight and therefore does not contain any satellite imagery taken before mid-March. The data of the two atlases could lead to the conclusion that the fast-ice edge is predominantly found in the area of Maxwell Bay-Prince Leopold Island. The winter remote-sensing measurements discussed in this paper show, however, that from December to February the fast-ice edge is not necessarily in the same position as in spring.
ENERGY BUDGET OVER NORTH WATER
The supply of i:.eat from the sea-water and the latent heat of ice formation is compensated by the loss of energy due to sensible heat, latent heat, and long-wave radiation. This energy loss due to the open water and the thin ice cover was calculated for the Smith Sound polynya (flight points 9 to 19; Fig. I ) on the basis of the heat-flux rates for different ice types (Maykut, 1978) , and the ice-type percentages measured along the flight profile. From November to March, the calculated heat loss on the air-sea interface has a mean value of 178 W m -2 for the area of the Smith Sound polynya (Table VII) . The heat balance for the entire North Water region was first calculated by Ohmura (unpublished [a] ). For comparable periods, the results correspond very well with the present investigation.
The latent heat of sea-ice formation (Ls) depends on the relative proportions of pure ice and brine in the newly formed ice. Schwerdtfeger (1963) has parameterized this relation as following: (4) where Si is salinity of sea ice, Sw is salinity of sea-water, 1962 1964 1976 5 Maxwell Bay-Prince Leopold Island 1965 1966 1967 1968 1972 1973 1975 1977 and Li is latent heat of pure ice. For the lowest 50 mm of the sea ice, the mean salinity value for nilas and young ice was found to be 16°/00 (Walmsley, 1966) . Therefore, the difference in heat release by the sea-water between the Smith Sound area and other ice-covered sea surfaces in the Arctic is in the order of lOO W m-2 or more.
CONCLUSIONS
The main purpose of the thermal ice-type classification was to study temporal and spatial variations of sea ice in a polynya. Ice types thicker than 0.3 m are absent from a polynya by definition (World Meteorological Organization, 1970 ). From the low-level infra-red thermometry measurements of the two winters of 1978-79 and 1980-81 the following conclusion can be drawn for all three polyn;as in the North Water area: in Lady Ann Strait, only one out of 14 flight measurements showed the ice types characteristic of a polynya, i.e. ice-free, dark nilas, light nilas, grey ice, and grey-white ice. On other flights, white ice was found to cover 50% of the profile length. In the Smith Sound area, none of the 14 flight measurements gave proof of a polynya by definition. However, in November, December, and January, young ice, nilas, and ice-free covered more than 50% of the Smith Sound polynya . In February and March, white ice was dominant with the one exception of 24 February 1979. In Barrow Strait, a semi-permanent polynya was observed. This seems to be connected with the location of the fast-ice edge which moved eastward by approximately 200 km in the second half of the winter. The visual observations in spring (satellite and aircraft) did not always provide accurate information on whether a polynya had occurred in Barrow Strait during winter.
The quantitative analysis of the different ice types in Lady Ann Strait and the Smith Sound area shows that the polynyas were much smaller than previously believed (Stirling and Cleator, 1981) . Polynyas are limited to small areas along the fast-ice edge (Lady Ann Strait) or along the coast (vicinity of Cape Alexander, Smith Sound). In the latter area, exclusively young ice, nilas, and ice-free was found during three out of the four flights in December 1980 and January 1981.
The ice-thickness distribution in a polynya plays an important role in determining the large-scale heat input to the atmosphere boundary layer. Despite the extremely rapid 
